Objectives: To investigate whether multiple sclerosis (MS) and non-MS white matter brain lesions can be distinguished by their appearance on 7 T T2*-weighted MRI.
The diagnosis of multiple sclerosis (MS) rests on the identification of multifocal demyelinating lesions which are disseminated in their time of onset. 1 Demyelinating lesions are readily detected as discrete hyperintense lesions on T2-weighted MRI. 2 However, focal T2 signal change is not specific to MS, occurring in several other conditions. 3 In particular, small hyperintense lesions are commonly seen in the cerebral white matter (WM) in patients of advanced age or with vascular risk factors. 4, 5 Histologic studies have revealed these incidental WM hyperintensities to reflect foci of ischemia. 6 This overlap in the imaging features of demyelination and other conditions such as ischemia can lead to diagnostic uncertainty or invasive testing.
We have shown, using ultra-high-field (7 T) imaging with high T2* weighting, that most MS lesions are centered on small parenchymal veins. 7 Here we compare the 7 T T2*-weighted MRI appearance of brain lesions between patients with MS and patients with asymptomatic white matter lesions to assess whether a perivenous lesion appearance differentiates between these states.
METHODS Subjects. Twenty-eight patients with clinically definite MS according to internationally recognized criteria were recruited from neurology outpatient clinics at Nottingham's University Hospital between August 2007 and August 2009. 1 Disease classification was as follows: 12 relapsing-remitting, 9 primary progressive, 7 secondary progressive. Two patients with demyelinating clinically isolated syndromes (CIS) were also recruited. In addition, 17 subjects who were found incidentally on clinical MRI scanning to have WM brain lesions were included in the study (referred to as the non-MS group). Five of these subjects were healthy volunteers who were incidentally found to have WM brain lesions. The remaining 12 were patients with multiple vascular risk factors and a clinical MRI scan which revealed incidental WM lesions. All lesions in the non-MS group had been reviewed by a neuroradiologist and none of these subjects were thought to have imaging or clinical features of CNS demyelination. Patient characteristics are shown in the table. Subject numbers were determined by power calculations from preliminary data on 10 patients with MS and 5 patients without MS.
Standard protocol approvals, registrations, and patient consents. All subjects gave informed consent and the study received ethical approval from the local research ethics committee.
Image acquisition. Subjects were imaged using a 7 T Achieva scanner (Philips Medical Systems, Best, the Netherlands), equipped with whole body gradients, 16-channel SENSE RF receive coil, and head only volume transmit coil. A 3-dimensional gradient echo sequence was acquired using 200 transverse slices acquired in 4 stacks, each stack overlapping by 10 slices (192 ϫ 164 ϫ 85 mm field of view, 0.5 mm isotropic voxels, echo time ϭ 20 msec, repetition time ϭ 150 msec, and flip angle 14°). A parallel imaging SENSE factor of 2 (right-left direction) and an EPI factor of 3 were employed; acquisition time was 8.8 minutes.
In addition, standard clinical MRI, performed on a 1.5 T or 3 T scanner within 2 years of recruitment to this study, were available for 22 of the patients (8 MS and 14 non-MS).
Image analysis. All 7 T images were converted to Analyze format and image stacks were merged using in-house software. 8 All analysis was performed with the primary observer (E.C.T.) blinded to disease status.
White matter lesions in patients with MS and controls were outlined on 7 T T2* magnitude images using a manually defined edge threshold technique. Each lesion was outlined on each axial slice on which it appeared so that lesion volumes could be calculated. Lesions were classified as periventricular (if within one pixel from the ventricle), subcortical (if within one pixel of the cortex), or deep WM.
The 7 T T2*-weighted magnitude images were viewed in orthogonal planes using MRIcro. 9 For each lesion, the presence or absence of a central vein was noted. Veins were counted if they 1) could be visualized in at least 2 perpendicular planes, 2) appeared linear in at least one plane, and 3) were completely surrounded by hyperintense signal in at least one plane (to avoid the inclusion of adjacent rather than central veins). Lesions were classed as perivenous is they contained one or more central veins.
Where available, clinical T2-weighted MRI were analyzed for whether they met Fazekas criteria (more than 3 lesions plus 2 of the following: one lesion Ͼ6 mm diameter, one infratentorial lesion, one lesion abutting the body of the lateral ventricle). 10 Statistics and reproducibility. 2 was used to compare the frequencies of perivenous lesions between patients with MS and patients without MS. Regression analysis (logit with standard error adjusted for clusters in patients) was used to determine how strongly the perivenous appearance of lesions predicted disease status (MS vs non-MS) when controlling for potential confounders. The dependent variable was disease status (MS or non-MS); independent variables were lesion volume, lesion location, the presence of a central vein, age, and gender. Lesion location variable was assigned 3 categories (subcortical, periventricular, and deep). As a robustness check, in a second regression, the subcortical and periventricular lesions were combined and compared to deep white matter locations in order to mimic more closely what is done clinically. Further analysis using the same method was performed in a subgroup of patients aged Ն50 years (9 MS and 14 non-MS).
It was recognized that there was potential for unblinding of the primary observer to disease status (MS or control) on the basis of lesion distribution. To ensure that lesion classification had not been influenced by unblinding, 20 lesions, selected at random, were cropped such that images of the lesion excluded the remainder of the brain. Using cropped images, lesions were analyzed by a second observer for the presence or absence of a central vein (N.E.; blinded to the original results). Results revealed almost perfect agreement (Cohen kappa coefficient ϭ 0.91, p Ͻ 0.001).
For patients with high lesion loads, our method of analyzing every lesion was recognized to be time-consuming. In order to estimate the smallest number of lesions that could be analyzed while maintaining an acceptable accuracy for predicting MS/ non-MS, we applied hypergeometric distribution theory. Hypergeometric distribution describes the distribution of probabilities of various outcomes when n items (in our case lesions) are sampled out of a total number of N items, without replacement (each lesion can only be analyzed once). Using this model, we investigated how often sampling 10 lesions (in any patient who had Ͼ10 lesions) would provide the correct outcome where Յ40% perivenous lesions was taken to imply non-MS and Ͼ40% perivenous lesions was taken to indicate MS. RESULTS Using 7 T T2*-weighted imaging, 901 WM lesions were detected in the brains of 28 patients with MS (range 4 -83 lesions per patient, mean 33 lesions; mean lesion volume 0.095 mL) and 428 WM lesions were detected in the brains of 17 subjects without MS (range 1-76 lesions per subject; mean 25 lesions; mean lesion volume 0.094 mL). Examples of MS and non-MS WM lesions are shown in figure 1 . White matter lesions observed in patients with MS were significantly more likely to have perivenous location than lesions observed in the non-MS group (80% vs 19%; p Ͻ 0.001). The proportion of perivenous lesions in individual patients with MS (mean 80%, range 53%-100%) was consistently much higher than in individual subjects without MS (mean 16%, range 0%-34%; figure 2A) . Perivenous lesion appearance was equally common in patients with CIS, relapsing-remitting MS, primary progressive MS, and secondary progressive MS ( figure 2B ).
In patients for whom recent clinical images were available, 7 of the 8 patients with MS (88%) were found to meet Fazekas criteria for predicting the presence of demyelination. However, 4 of the 14 patients without MS (29%) also met Fazekas criteria.
Regression analysis confirmed that perivenous lesion appearance on 7 T T2*-weighted imaging was highly predictive of the presence of MS after taking into account other potential contributing factors (OR 14.0, confidence interval 9.6 -20.3, p Ͻ 0.001). Even in a subgroup analysis of patients aged over 50 years, perivenous lesion appearance still strongly predicted the presence of MS (OR 13.7). While lesion location was also predictive of MS, the magnitude of this effect was considerably lower than for perivenous appearance (periventricular, OR 2.4, p ϭ 0.009; subcortical, OR 4.5, p Ͻ 0.001 compared to deep white matter) ( figure 3) . When subcortical and periventricular locations were combined and compared with deep WM, the OR was 3.4 (presence of central vein OR 13.3; p Ͻ 0.001).
In order to determine whether the perivenous appearance was seen in very early demyelinating lesions, we performed T1-weighted, gadoliniumenhanced images in one patient with active relapsing MS. These images demonstrated 10 enhancing lesions, of which 8 were perivenous. Follow-up imaging 3 months later confirmed persistence of the perivenous location of these lesions on T2* imaging. In 2 patients with CIS, 23 lesions were identified, of which 19 (83%) were perivenous.
Hypergeometric distribution methodology suggested that if only 10 lesions per patient were sampled (in patients with Ͼ10 lesions), the diagnosis of MS/non-MS could be correctly predicted with 90% certainty in 44 out of 45 patients tested. DISCUSSION Conventional T2-weighted MRI continues to play a valuable role in diagnosing MS in patients with appropriate clinical features. However, diagnostic uncertainty arises when T2 hyperintense brain lesions cannot be confidently classified as being demyelinating. Definitive diagnosis may be achieved by further paraclinical testing (lumbar puncture or electrophysiologic evoked potentials), but in many instances a period of uncertainty ensues. Apart from diagnostic delay being unsettling for both patient and physician, growing evidence suggests that emerging treatments are most beneficial when used early in the disease course. 11 Imaging criteria (Barkhof/Tintore) are useful for predicting the likelihood of clinically definite MS developing in a patient presenting with a CIS. However, these criteria have not been tested in a study that compares patients with MS and patients with ischemia or in patients who lack a typical CIS history. The Fazekas criteria, on the other hand, were devised specifically to help distinguish the imaging appearances of MS from ischemia. 10 Retrospective evaluation has suggested Fazekas criteria to be highly specific (96%) and moderately sensitive (81%) to the presence of MS. 12 However, these features are not pathognomonic and some patients with cerebral ischemia meet all Fazekas criteria. 13 Small venules in the center of lesions are visualized using T2*-weighted MRI because of the paramagnetic effect of deoxyhemoglobin. Here we show that using 7 T T2*-weighted MRI we can reliably distinguish all patients with clinically definite MS (Ͼ40% lesions appeared perivenous) from those without clinical MS (Ͻ40% lesions appeared perivenous). Perivenous lesions were equally common in patients with CIS and all phenotypes of MS. In combination, these features suggest that perivenous lesion appearance may be a useful imaging marker of demyelination. In comparison, where clinical images were available (n ϭ 22), Fazekas criteria had a sensitivity of 88% in detecting MS but a specificity of only 71%. Our trial is not without limitations. The MS and non-MS groups were relatively small and had significantly different ages. Age was controlled for in our analyses but nevertheless, further work with more close age matching may be desirable. Furthermore, in order to predict disease status, analysis of all white matter lesions was required. This approach was timeconsuming in patients with a heavy lesion load. However, in our sample, using hypergeometric distribution methodology it was possible to predict the diagnosis of MS/non-MS with at least 90% accuracy by sampling only 10 lesions in all but one of our patients. This suggests that in patients with high lesion loads, only a proportion of the lesions will need to be analyzed to make a confident diagnosis. Further work will be required to validate how few lesions could be analyzed to maintain a high diagnostic confidence once this technique is translated to a clinical scanner. Finally, the lack of availability of ultra-highfield scanners for clinical use means that our results are not immediately applicable to clinical practice. Work is in progress in our department to translate this technique to clinically available MRI scanners operating at lower field strengths with promising results to date. In previous work, we found 3 T T2*-weighted imaging to identify 89% of 3 T fluidattenuated inversion recovery lesions (vs 94% at 7 T). Of the visible lesions, 3 T T2*-weighted imaging identified veins in 45% (vs 87% at 7 T). 14 Our more recent work has shown that the sensitivity to veins can be improved considerably at 3 T, by altering voxel size and shape, and echo time. 15 Using susceptibility-weighted imaging at 3 T and restrict-ing analysis to large lesions (Ͼ3 mm diameter), Lummel et al 16 were able to visualize central vessels in almost all MS lesions but they also observed vessels in most large non-MS white matter lesions. More work at lower field strengths will therefore be necessary, first to determine the optimum sequence parameters and secondly to establish a protocol for image analysis which balances accuracy with efficiency for distinguishing between MS and non-MS lesions.
This study was aimed at distinguishing patients with demyelination from those with incidental asymptomatic WM lesions (which were mostly expected to be ischemic). Further work will be required to investigate differences between lesions seen in MS and other specific conditions such as migraine. Work is in progress to determine whether this imaging marker is predictive of the development of clinically definite MS in patients with CIS by following patients longitudinally.
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Figure 3 Proportion of perivenous lesions seen in multiple sclerosis (MS) and non-MS groups according to lesion location
Lesions in all 3 locations were more likely to be perivenous in patients with MS. However, even in subjects without MS, a high proportion of periventricular lesions contained at least one vein.
